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Abstract
Anthropogenic atmospheric loading of CO2 raises concerns about combined effects of increasing ocean
temperature and acidification, on biological processes. In particular, the response of appendicularian zoo-
plankton to climate change may have significant ecosystem implications as they can alter biogeochemical
cycling compared to classical copepod dominated food webs. However, the response of appendicularians to
multiple climate drivers and effect on carbon cycling are still not well understood. Here, we investigated how
gelatinous zooplankton (appendicularians) affect carbon cycling of marine food webs under conditions pre-
dicted by future climate scenarios. Appendicularians performed well in warmer conditions and benefited
from low pH levels, which in turn altered the direction of carbon flow. Increased appendicularians removed
particles from the water column that might otherwise nourish copepods by increasing carbon transport to
depth from continuous discarding of filtration houses and fecal pellets. This helps to remove CO2 from the
atmosphere, and may also have fisheries implications.
Many of the world’s marine ecosystems are impacted by
combined effects of climate change and large-scale reorgani-
zation of community structure resulting from human activi-
ties such as increasing greenhouse gas emission, overfishing,
nutrient loading, and habitat modification (Estes et al.
2011). Two of the most significant climate parameters that
have far reaching consequences for marine ecosystems are
increasing temperature and concentrations of atmospheric
CO2 (Riebesell and Gattuso 2015), the latter reducing ocean
pH and leading to ocean acidification (IPCC 2014). Effects
on ecosystem functioning largely depend on the response of
organisms, which can lead to altered community structure
and modified carbon cycling (Bermudez et al. 2016). Gelati-
nous zooplankton (e.g., jellyfish and appendicularians) play
an important role in global biogeochemical cycles as they
have high grazing rates and contribute to organic carbon
export from the ocean surface to the sea bottom (Vargas et al.
2002; Lebrato et al. 2013). Yet, it is uncertain how the abun-
dance and frequency of occurrence of these organisms are
affected as a consequence of climate change (Richardson et al.
2009; Condon et al. 2013; Troedsson et al. 2013). An increase
in gelatinous zooplankton is expected to profoundly affect
plankton community structure and may modulate climate
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effects through altered competitive and trophic interactions,
potentially affecting ecosystem functioning (Condon et al.
2011). However, these predictions have not been empirically
tested in systems that contain multiple trophic levels and cli-
mate stressors. Here, we test the response of gelatinous zoo-
plankton by using appendicularians as model organisms.
Zooplankton provide an essential ecosystem service
through the transfer of energy and nutrients from primary
producers to fish that are required to maintain the produc-
tivity of marine systems. Increasing dominance of gelatinous
zooplankton has important implications for marine ecosys-
tems by changing the direction of organic carbon flow com-
pared to the classical food web dominated by copepods
(Alldredge 2000; Condon et al. 2011). Copepods and gelati-
nous filter feeding appendicularians are important ubiqui-
tous members of the pelagic ocean community (Deibel 1998;
Vargas et al. 2002) with different functional roles (Gorsky
and Fenaux 1998; Vargas et al. 2002; Stemmann et al. 2008).
Copepods mediate a major trophic carbon pathway from
microbial-sized organisms (>5–10 lm) including phytoplank-
ton and heterotrophic protists to fish. Through production
of dense fecal pellets and vertical migration, they also con-
tribute to carbon sedimentation (Stukel et al. 2013).
Although less studied, appendicularians (planktonic tuni-
cates) are known to be consumed by larger predators and a
limited number of fish larvae (Gorsky and Fenaux 1998), and
are efficient consumers of smaller nano-(<10 lm) and pico-
(<2 lm) plankton-sized particles (Gorsky et al. 1999;
Sommer and Stibor 2002). They are also important producers
of large sinking aggregates through the continuous release of
filtering structures, called “houses” used for feeding. These
gelatinous houses are frequently discarded after clogging and
as animals grow (Flood and Deibel 1998), and combined
with the concentrated prey particles and fecal pellets, these
organic aggregates constitute a large fraction to global verti-
cal carbon flux from the euphotic layer to the seafloor (Var-
gas et al. 2002; Alldredge 2005). Consequently, the structure
of the zooplankton community composition has important
implications for ocean carbon processes and their response
to climate warming and ocean acidification will differentially
affect ecosystem functioning. A shift toward gelatinous
plankton, such as appendicularians may alter the flow of car-
bon through the food web, yet our current understanding of
appendicularian responses to climate changes and their
effects on carbon cycling is limited, compared to crustacean
zooplankton. A previous mesocosm experiment suggested
that the appendicularian Oikopleura dioica can tolerate elevat-
ed pCO2 levels (Troedsson et al. 2013). The set-up of the pre-
vious experiment did, however, not allow differentiating
whether the response of appendicularians was due to pH
reduction or an altered response to more alkaline conditions
during the stimulated phytoplankton bloom. The previous
experiment was also not designed to test the effects of
appendicularians under natural and future ocean conditions
on carbon cycling, as it did not include treatments lacking
appendicularian addition.
To understand how future oceans will respond to climate
change in combination with altered consumer populations,
we utilized mesocosms (large seawater enclosures) with a
natural coastal plankton community and investigated the
effects of increased temperature, ocean acidification and
abundance of appendicularians on plankton biomass, pro-
duction and carbon cycling. Plankton dynamics and carbon
processes were observed over the phytoplankton bloom and
postbloom period. Our results highlight the importance of
multi-trophic analysis to understand consequences of cli-
mate change on ecosystem functioning.
Material and methods
Mesocosm setup and manipulation
Coastal North Sea seawater from the Raunefjord, southern
Norway containing the natural spring (June 2011) phyto-
and zooplankton community was pumped into 12 land-
based mesocosms of 2500 L volume each (1.5 m diameter,
1.5 m high). The mesocosms were made of white glass fiber
tank open to the air. We compared how predictions by the
year 2100 (IPCC 2014) of a pCO2 level of 1000 latm (realized
mean values of pCO2 818 latm, pH 7.7 6 0.04, temperature
14.6 6 0.78C) and a temperature increase of 2.68C differ from
ambient conditions of 400 latm (realized mean values of
pCO2 336 latm, pH 8.02 6 0.08, temperature 12.0 6 0.78C) at
different abundance levels of the appendicularian O. dioica
(Fig. 1 and Supporting Information Fig. S1). Examination of
multiple stressors in large experimental units allowed two
replicates with the following manipulations: low tempera-
ture and low pCO2 (Tl-Cl), low temperature and high pCO2
(Tl-Ch), high temperature and high pCO2 (Th-Ch), each with
and without appendicularian (A) addition. The mesocosms
were submerged in three larger holding tanks with four mes-
ocosms each to maintain temperature control. All three
holding tanks received continuous water from the fjord to
maintain ambient temperature, while in one of the holding
tanks the temperature was gradually increased by 2.68C using
a commercial pool heating device consisting of a 6 kW elec-
tric heating Titanium unit (Pahlen Norge AS, ref 141601T-
01), a circulation pump (Astral Sena ref 25463 0,74 kW, 50
Hz, 230 V, mono phase, mounted on a 50 mm PVC tube)
and a SAAS A/S temperature regulation system, Oslo. Regula-
tion of pH was achieved by bubbling of CO2-enriched air at
near ambient (6 3 400 latm) and predicted pCO2 levels at
2100 (6 3 1000 latm). Each mesocosm was gently mixed
twice a day as previously described (Troedsson et al. 2013).
This manipulation minimized destruction of sensitive
plankton.
Nutrients were added to all mesocosms to stimulate a phy-
toplankton bloom at the beginning of the experiment using
the following concentrations; 8 mM NaNO3, 0.5 mM K2HPO4,
and 5 mM Na2SiO3, resulting in targeted concentrations
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(lg L21) of 133.8 NO3, 8.8 PO4, and 160.1 Si. The appendicu-
larian O. dioica (synchronized day 1 stage) from a stock cul-
ture was added on day 0 to half of the mesocosms of each
treatment (except the control) at a density of 10 ind. L21.
An immediate mortality within the first 24 h led to a mean
starting density of 3.2 ind. L21 at day 1. Appendicularian
starting concentrations in mesocosms without O. dioica addi-
tions were very low to undetectable in samples, and the
community appeared to some extent at later sampling points
in these mesocosms through spawning of the very limited
initial individuals (average fecundity,  300 eggs per female).
The starting copepod community was dominated by imma-
ture stages of cyclopoid and calanoid species. Labeled 13C-
NaHCO3 was added to mesocosms on day 0 to 2.3 lmol
kg21, corresponding to about 0.1% of total dissolved inor-
ganic carbon (DIC) to estimate carbon uptake and phyto-
plankton taxon-specific growth rates from fatty acid stable
isotope measurements. Total incubation time for the experi-
ment was 17 d. A detailed description of the experimental
system has been previously described (Calbet et al. 2014).
Sampling and sample analysis
Temperature and pH (NBS scale) were monitored twice a
day using a WTW Multi 3420 equipped with a WTW Sentix
980 pH probe. Before sampling, each mesocosm was gently
stirred to homogenize plankton for quantitative sampling.
Water from each mesocosm was sampled mid-tank at 1 m
depth by siphoning into 30 L carboys for dissolved organic
carbon (DOC), size-fractionated particulate organic carbon
(POC), phytoplankton biomass (measured from one replicate
per treatment only), chlorophyll a, 13C content of carbon
pools (DIC, size-fractionated POC), ciliate and zooplankton
abundance, bacterial biomass and production on day 1, 2, 3,
4, 6, 8, 11, 14, and 17. In addition, samples were collected
for the analysis of seston fatty acid concentration and com-
bined fatty acid-specific d13C isotope biomarkers (d13C-FA)
over the experimental duration. Plankton was sampled fol-
lowing the gentle stirring of the mesocosms in order to dis-
perse organisms equally. For copepods, 10–20 L samples were
repeatedly taken with a 5 L polycarbonate beaker. Appendi-
cularians were sampled daily by gentle immersion of a 6 L
polycarbonate beaker with no loss of appendicularians due
to sloshing out from the receptacle.
Phytoplankton samples were analyzed by epifluorescence
microscopy and cell volumes were calculated by approxima-
tion of simple geometrical 3D shapes and converted into cell
carbon (Menden-Deuer and Lessard 2000). Appendicularians
were immediately enumerated and staged by microscopy
after sampling (Troedsson et al. 2013). Zooplankton (cope-
pod) samples were concentrated on a 50 lm sieve, preserved
with acidic Lugol’s solution and the taxonomic composition
was analyzed to the lowest taxonomic level possible. Samples
were generally fully analyzed (on average 180–1003 ind./
sample). Ciliate abundance was analyzed from untreated live
plankton samples using two black and white FlowCAM II
instruments. Data acquisition was done in autoimage-mode
with a 4x objective. Particle size ranges were set at 15–1000
lm cell size (Calbet et al. 2014).
Analysis of samples for POC, DOC, phytoplankton FA
composition, bacterial biomass and production, as well as
Fig. 1. Mesocosm experimental setup and measured mean (6 SD) temperature (Temp), pH, and pCO2 levels over the experimental period. All 12
mesocosms received nutrient addition; the appendicularian O. dioica was added to two mesocosm of each treatment at the beginning of the experi-
ment, indicated by the shaded area. Treatments: Temp-low (Tl), Temp-high (Th), CO2-low (Cl), CO2-high (Ch), addition and no addition of the
appendicularian O. dioica (A1 and A2, respectively).
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analysis of stable isotope and d13C-FA data and a more
detailed phytoplankton analysis are described in the Sup-
porting Information text S1.
Statistical analysis
To investigate effects of temperature (T), CO2 (C) and addi-
tion with O. dioica (A) on standing stocks and rates repeated-
measures ANOVA were used with generalized linear mixed
models (GLMM) and mesocosms as a random effect. A first-
order autoregressive term was included in the GLMM to
account for repeated measurement. Main effects are reported
from the ANOVA outcome of the models. Effects were investi-
gated during the phytoplankton bloom (day 3–7) and post-
bloom (day 11–17) periods. In addition, ANOVA was used to
investigate differences across treatments for single day or aver-
aged measurements. Statistical analyses were accomplished
using the R software environment 3.0.1 (R Development Core
Team 2009) and the MASS package. Complete ANOVA results
are given in Supporting Information Table S1.
Results and discussion
Phytoplankton dynamics using Chl a as a proxy was simi-
lar between pCO2 and appendicularia treatment manipula-
tions with a tendency of slightly lower biomass in the latter
treatments during the bloom and higher biomass during the
postbloom phase at high temperature (ANOVA, F(1,10)>13.4,
p<0.004) (Fig. 2a,b, Supporting Information Fig. S2). The
phytoplankton bloom was short-lived with the fastest
decline in the high temperature treatments and remained at
low levels during the postbloom period. Lower phytoplank-
ton biomass during the bloom phase was mainly due to the
faster decline after the peak at high temperature compared
to lower temperature. Both the phytoplankton community
composition, which was dominated by the diatom Skeleto-
nema marinoi, and to a lesser extent by chlorophytes and
haptophytes (Fig. 3), and their fatty acid compositions (used
as a measure of food quality, Supporting Information Fig.
S3), showed a similar trajectory across treatments over the
experimental duration. Shifts in phytoplankton species com-
position as a result of high pCO2 have been observed in
some studies, primarily indicating a decrease of calcifying
phytoplankton that are sensitive to low pH (Engel et al.
2008). Shifts in community composition can cause changes
in phytoplankton fatty acid compositions (Bermudez et al.
2016), which may also be affected directly by high pCO2
(Rossoll et al. 2012). Our observations support previous stud-
ies suggesting that coastal phytoplankton communities are
tolerant to high pCO2 (Czerny et al. 2013; Rossoll et al.
2013). However, phytoplankton taxon-specific growth rates
measured as 13C-DIC uptake into fatty acids revealed a sig-
nificant synergistic effect of high temperature and high
pCO2, especially in chlorophytes (Tukey HSD, p<0.001) (Fig.
4a). 13C-DIC uptake decreased at high CO2 levels in the
dominant phytoplankton taxa of dinoflagellates (Tukey HSD
p<0.05) and chlorophytes (p<0.002), and was marginally
significant in diatoms (p<0.07) (Fig. 4b), suggesting that
availability of high CO2 reduces the need to operate a costly
carbon-concentration mechanism (Reinfelder 2011). These
observations suggest that phytoplankton standing stocks
were strongly modulated by temperature and nutrient
resource limitation.
Appendicularians exhibited a strong numerical response
to temperature increase in treatments with and without O.
dioica addition and increased rapidly after 1 week and
remained at consistent densities or further increased
throughout the rest of the experiment. The addition of O.
dioica resulted in significantly higher appendicularian abun-
dance in all treatments during both the bloom (F(1,12) 5 33.1,
p<0.001) and postbloom (F(1,12) 5 5.0, p 5 0.04) period com-
pared to treatments with no O. dioica addition. Total appen-
dicularian abundance increased approximately 10 fold at
high temperature compared to ambient conditions of the
respective treatments during the postbloom period
(F(1,12) 5 6.9, p 5 0.02) and was not affected by high pCO2
(p>0.5) (Fig. 2c,d). O. dioica reached densities of 10 ind. L21
and 60 ind. L21 in warming treatments without and with
addition, respectively, and remained at low levels (<1 ind.
L21) in the low temperature treatments without addition,
irrespective of pCO2 level. These observations are consistent
with appendicularian response to elevated temperature and
increased pCO2 (Troedsson et al. 2013), and predictions that
consumers are expected to gain an advantage with climate
warming because increased temperature speeds up biological
processes of heterotrophs compared to autotrophs (Hansson
et al. 2012; Gilbert et al. 2014). In particular, consumers
with high growth rates, such as appendicularians (Stibor
et al. 2004), can be expected to respond quickly to short-
term temperature increase. Moreover, this study shows that
appendicularians tolerate elevated CO2 levels and supports
results from a previous experiment (Troedsson et al. 2013),
which did not allow a differentiation of the response due to
high pH increased up to 8.4 in the ambient treatments dur-
ing the stimulated phytoplankton bloom (Troedsson et al.
2013). As a result of their tolerance to low pH as confirmed
in this study, appendicularians are consequently expected to
be an increasingly important zooplankton component of
marine food webs in a future warmer and more acidic ocean.
In contrast to appendicularians, temperature, and pCO2
addition did not affect calanoid copepods, the dominant
copepods (Fig. 2e,f) or rotifer abundance (Dutz et al. 2013),
although at higher temperature, the peak of rotifer abundance
appeared earlier. Calanoid copepod abundance continuously
increased after the phytoplankton bloom until the end of the
experiment. The addition of O. dioica reduced copepod abun-
dance (dominated by Temora longicornis) during the post-
bloom period (F(1,10) 5 4.8, p 5 0.05), but not during the
bloom period, suggesting that these organisms compete for
resources. Ciliate abundance, another dominant grazer
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present in our study, peaked during the phytoplankton bloom
and densities declined rapidly in all treatments with no signif-
icant differences between all treatments after the bloom
(p>0.12) (Fig. 2g,h). Ciliates reached highest densities at low
pCO2 (F(1,10) 5 5.41, p 5 0.04) and were more abundant in the
treatments that did not receive added appendicularians
(F(1,10) 5 9.43, p 5 0.01) during the bloom period. Higher cili-
ate densities in treatments without O. dioica addition and low
pCO2 likely indicate interspecific competition for food.
Appendicularians can also feed on ciliates (Lombard et al.
2010) and can thereby directly affect their abundance. This
suggests that appendicularians were able to outcompete pro-
tozoans for food resources as both organisms prey on similar
size ranges (Gorsky and Fenaux 1998). Furthermore, appendi-
cularians likely impacted copepods by reducing ciliate abun-
dance, a dominant prey for copepods.
Fig. 2. Plankton temporal dynamics during the experimental period (left panels) and corresponding boxplots (right panels) during the bloom and
post-bloom period across treatment manipulations. (a, b) Phytoplankton biomass shown as Chl a concentration; the bloom (day 3–7, horizontal line)
and postbloom (day 11–17, dashed line) periods are highlighted; (c, d) Appendicularian abundance; (e, f) Calanoid copepod abundance; and (g, h)
ciliate abundance. Treatment manipulations: Tl and Th 5 low and high temperature, Cl and Ch 5 low and high pCO2, A2 and A1 5 absence and pres-
ence of appendicularia additions, respectively. Box plot bars represent 25th, 50th, and 75th percentiles, whiskers the 10th and 90th percentiles and
points show outliers.
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Increasing appendicularian abundance also affected the
size distribution of POC. This was particularly apparent dur-
ing the postbloom phase of the experiment when
appendicularian abundance was highest (Fig. 5). During this
time period, O. dioica addition had a significant positive
effect on the micro-size fraction>10 lm (F(1,10) 5 5.1,
Fig. 3. Phytoplankton dynamics (in carbon biomass) of major taxonomic groups across treatments over the duration of the experiment. The phyto-
plankton bloom was short-lived and the temporal development was similar between mesocosms with the fastest decline in the high temperature treat-
ments. Treatments: Temperature-low (Tl), temperature-high (Th), CO2-low (Cl), CO2-high (Ch), without O. dioica (A2) and with O. dioica (A2)
addition.
Fig. 4. Phytoplankton growth rates and carbon uptake. (a) Growth rates measured as 13C-DIC uptake into phospholipid-derived fatty acids for dia-
toms, dinophyceae, and chlorophytes during the bloom initiation, separated by temperature and pCO2 treatment manipulation, and (b) phytoplank-
ton 13C-DIC uptake into phospholipid derived fatty acids of taxon-specific phytoplankton groups measured as the fractional isotope value difference
before and after labeling during the bloom initiation (Delta 13F).
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p 5 0.047), whereas the nano-size fraction of 2.7–10 lm
showed opposite effects and a tendency toward reduced val-
ues with O. dioica addition (F(1,10) 5 3.5, p 5 0.09). Similarly,
the pico-size fraction<2.7 lm was significantly lower at
high temperature during the bloom (F(1,10) 5 6.7, p 5 0.03)
and postbloom phases (F(1,10) 5 16.1, p 5 0.002), likely due to
increased appendicularian grazing. Appendicularians are
known to ingest small particles of the picoplankton (<2 lm)
size fraction (Gorsky et al. 1999; Sommer and Stibor 2002),
and consequently, increases in appendicularian abundance
can shift the phytoplankton community to larger cells. Shift
in phytoplankton communities toward larger cells and con-
centration of small-sized phytoplankton in discarded appen-
dicularian houses and their fecal pellets, likely contribute to
fast-sinking particle aggregates (Turner 2015). Even though,
sedimentation was not measured in our experiment, it can
be assumed that both of these processes enhance the vertical
particle flux contributing to marine snow in the presence of
appendicularians. In fact, appendicularian houses can con-
tribute up to 83% of vertical POC flux with most values
Fig. 5. Impacts of appendicularians on dynamics of particulate organic carbon (POC). (a) Temporal dynamics of size-fractionated POC and (b) box
plots of POC during the phytoplankton bloom (day 3–7) and post-bloom (day 11–17) periods in the absence and presence of appendicularian addi-
tions in the different mesocosm treatments. The micro- and nano-size fractions of POC dominated during the bloom period while the picoplankton-
size fraction was low throughout the experiment. See Fig. 2 for treatment abbreviation and box plot description.
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from 28–39% (Alldredge 2005; Dagg and Brown 2005; Deibel
et al. 2005).
The effect of appendicularians on carbon cycling was
also apparent based on the dynamics of DOC concentration
and bacterial biomass. Significantly reduced DOC concen-
trations (F(1,10) 5 7.4, p 5 0.02) were observed in treatments
with high appendicularian abundance during the post-
bloom period, i.e., at their highest abundance (Fig. 6).
Bacterial biomass was reduced by more than twofold at
high temperature during the post-bloom period when
appendicularian abundance was at its maximum
(F(1,10) 5 30.3, p<0.01), and likely driven by the high
appendicularian abundance. Bacterial production was slight-
ly higher at elevated temperature (F(1,10) 5 4.75, p 5 0.05)
during the bloom period (Fig. 6), but was not significantly
affected by appendicularian addition.
Fig. 6. Dissolved organic carbon (DOC), bacterial biomass, and bacterial production during the experiment. (a) Boxplots of DOC concentration, (b)
bacterial biomass, and (c) bacterial production during the bloom (day 3–7) and post-bloom periods (day 11–17), separated by appendicularian treat-
ment. See Fig. 2 for treatment abbreviation and box plot descriptions.
Fig. 7. Schematic model illustrating carbon (C) pools and fluxes within the planktonic food web at present day (left panel) and higher temperature
and CO2 levels (right panel) that favor appendicularian growth. Arrow size indicates relative magnitude of C fluxes between the pools, and the num-
ber of pool symbols, the relative C pool sizes. Blue arrows indicate trophic links, red arrows indicate stimulated fluxes and blue dashed arrows,
unknown effects at elevated CO2 and temperature. Some of the pools and fluxes were not measured directly and inferred from other measured
parameters.
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Appendicularians can retain particles as small as 0.1 lm
in their external filtration houses (Flood and Deibel 1998)
and thus consume particles in the DOC (<0.8 lm) and bac-
teria size range. Consumption of picoplankton-sized particles
is most likely the reason for both reduced DOC and bacterial
biomass in treatments with high appendicularian abundan-
ces. Nevertheless, DOC concentration was relatively high in
appendicularian addition treatments and phytoplankton
growth remained positive even during the post-bloom phase,
both of which are likely reasons for the maintenance of high
appendicularian abundances. In addition, peak appendicular-
ian abundance occurred immediately post spawn and high
density was retained during the non-feeding larval stage and
early feeding stages of animals when they were small, result-
ing in reduced clearance rate compared to older, larger ani-
mals with higher clearance rates (Selander and Tiselius
2003). Indeed, as animals began to attain larger sizes, their
abundances started to decline, suggesting a mismatch
between their clearance rate capacity and available particles.
Our observations with low DOC concentrations and low
bacterial biomass in treatments with high appendicularian
abundance differ from earlier findings indicating that jelly-
fish can produce copious amounts of labile C-rich DOC fuel-
ing microbial activity (Condon et al. 2011). The discrepancy
between these studies may be related to differences in the
excretion strategies of the taxonomic groups involved and
the experimental scale and duration. Previous studies that
report increased DOC release from jellyfish involved cteno-
phores and medusa species that release assimilated material
via excretion and mucus production (Condon et al. 2011).
Moreover, these studies measured release of assimilated
material as DOC in small volume individual incubations
within 24 h, neglecting food web processes. In comparison,
we measured DOC over an extended time period under con-
ditions simulating natural ones more accurately, and allow-
ing carbon mechanism processes to adapt and respond
accordingly. Further, O. dioica houses are discarded up to 6
times per day (Troedsson et al. 2009) and can be as high as
27 houses per day for other appendicularian species (Sato
et al. 2003) and contribute substantially to high POC export
rates (Alldredge 2005; Dagg and Brown 2005; Deibel et al.
2005), similar to dead fast sinking ctenophores and medusa
species (Lebrato et al. 2013).
While copepods are an important prey for fish, the signifi-
cance of appendicularians for fish production is largely
unknown. Some fish larvae consume large amounts of
appendicularians, such as early-stage Plaice fish (Shelbourne
1962). Appendicularians have an average caloric density for
zooplankton and are nutritionally rich in fatty acids and pro-
teins (Alldredge 1976; Fyhn et al. 2005; Troedsson et al.
2005), qualities that make them a prey of high nutritional
value for fish larvae. In addition, high abundances, wide dis-
tribution patterns, fast growth rates, and appropriate size for
fish larvae make them potentially an import prey for many
early-stage fish larvae and other predators. However, the
extent of their role as a potential prey for fish needs to be
better evaluated.
Our study shows that gelatinous appendicularian zoo-
plankton thrive under warmer temperature and benefit from
low pH levels. These organisms remove DOC, bacteria and
small-sized particles with their filter-feeding houses, resulting
in increased carbon removal from the water column, and
efficiently convert primary production into particulate gelati-
nous biomass (Fig. 7). Increased gelatinous appendicularian
biomass could benefit organisms that consume these prey
items. Alternatively, high abundance of appendicularians
could reduce trophic transfer to fish via competition and
consumption of microbial prey and increased vertical carbon
transport by aggregating small particles (Sato et al. 2003). An
overall interpretation is that appendicularians may alter the
direction of direct climate effects by enhancing particle
aggregation, and thereby increasing vertical carbon transport
(Fig. 7).
Conclusions
Our study highlights the importance of understanding
consumer responses to climate change and their feedbacks
on ecosystem functioning at ecosystem scale because species
interactions alter the food web translation of direct climate
effects. Generally, ocean warming is expected to accelerate
biological processes, and consumers mediate ecosystem
responses to increasing atmospheric CO2, thus contributing
to future restructuring of pelagic ecosystems and biogeo-
chemical cycling. Our study demonstrated clear temperature
effects on gelatinous zooplankton consumers that exhibited
tolerance to elevated CO2 levels. Mediated by the response
of appendicularians, primary producers and carbon cycling
were impacted indirectly through complex species interac-
tions. Gelatinous zooplankton favored by climate warming
and ocean acidification will impact top down control of the
microbial loop. This will likely lead to increased sedimenta-
tion of organic material from fast-sinking discarded houses
and fecal pellets. This is an important component of the bio-
logical pump and may contribute to CO2 removal from the
atmosphere, mitigating anthropogenic increase in green-
house gases (Falkowski and Oliver 2007). However, according
to this study, dominance of appendicularians may decrease
carbon available to copepods by converting microbial bio-
mass into gelatinous biomass, with significant environmen-
tal and possibly, fisheries implications.
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